Amorphous graphene is a realization of a two-dimensional Zachariasen glass as first proposed 80 years ago. Planar continuous random networks of this archetypal two-dimensional network are generated by two complementary simulation methods. In the first, a Monte Carlo bond switching algorithm is employed to systematically amorphize a crystalline graphene sheet. In the second, molecular dynamics simulations are utilized to quench from the high temperature liquid state. The two approaches lead to similar results as detailed here, through the pair distribution function and the associated diffraction pattern. Details of the structure, including ring statistics and angular distortions, are shown to be sensitive to preparation conditions, and await experimental confirmation.
Introduction
There has been an intense research effort to understand the properties of crystalline graphene; the first two-dimensional crystal to be isolated [1] . However, the amorphous phase of graphene remains largely unexplored (though there has been work concerning extended structural defects [2] ) with recent work in this area discussed here. A two-dimensional amorphous material would be of fundamental interest because a full chemical and structural characterization is possible, circumventing long-standing issues that arise in three-dimensional materials [3] , regarding ring statistics etc.
The continuous random network structure for glass originated with Zachariasen [4] , who proposed a random network of two-and three-coordinated atoms. This seminal paper is known principally for the sketch of a glass. Zachariasen's glass, although meant as two-dimensional analogue of a true three-dimensional oxide glass (a twodimensional network being easier to represent on a journal page), represents a template for a generic two-dimensional glass by maintaining local chemistry, full coordination and unit bond lengths, while allowing for small variations in the bond angles to create an amorphous structure. Now, through high-resolution transmission electron microscopy (HRTEM) a single graphene sheet can be manipulated through electron irradiation [5, 6] , offering atomistic control and potential amorphization of a single crystalline graphene sheet. These structure-unlike three-dimensional amorphous materials-can be directly imaged which may provide a valuable testbed for theories of random network formation. In this paper, we focus on planar amorphous graphene which is expected to be under tension; held in the middle of a crystalline sample after being formed by low energy electron beam 'damage' Such amorphous samples when isolated and free standing are expected to ripple or pucker [7] . Two-dimensional disordered networks, where three edges emanate from each three-fold-coordinated vertex are ubiquitous in nature. Geologists and Ecologists encounter two-dimensional disordered networks; for instance the Giant's Causeway, Fingal's Cave [8] and the administrative districts of France [9] . Biologists study the cell structure of bone, wood, and cucumbers [10] . Metallurgists study the grain structure of metals [11] . Most importantly for us here, a two-dimensional atomic random network has a special appeal to material scientists. Studies by Meyer et al [12] and Kotakoski et al [5, 6] show clear images of small regions of a-G, characterized by the presence of pentagons and heptagons, as well as hexagons. Similar results have been reported by Gomez-Navarro et al for reduced graphene oxide [13] . Recently, new fundamental questions have arisen about random networks and physics of the amorphous state. One of these is whether such networks can be made hyperuniform [14] (no density fluctuations on any length scale) while maintaining vital structural properties like a narrow distribution of nearest-neighbour bond lengths and bond angles. Another are the conditions under which the amorphous state is planar and when it is puckered [7] . Electronic properties associated with the linear dependence of the electronic bands in crystalline graphene pose compelling questions about quantum transport in 2D and the connection to the Dirac equation that describes electrons and positrons [15] . Much of this elegant formalism is lost in a-G, and even small islands of a-G in crystalline graphene can be expected to have very significant effects on transport properties. It has been shown that an increase in odd rings increases the number of localized states at the Fermi level [16] .
A key point to emphasize is that the ability to generate a proper statistical ensemble of realistic configurations is crucial if potentially significant properties (both mechanical and electronic) are to be rationalized and exploited. For example, some studies of the electronic properties of these amorphous structures predict metallic behaviour [17] . However, the dependence of these observations on the atomistic detail of the generated configurations is unclear. This model [17] is at variance with recent findings which indicate that states at the Fermi level are localized and so amorphous graphene is expected to be a poor conductor [16] . In considering such key properties it is important to have models for amorphous graphene that are realistic in terms of minimizing coordination defects whilst retaining near-monodisperse bond lengths and a small variance in bond angle. This is an essential point when considering device applications, where our view is that the presence of regions of amorphous graphene would not be positive for most applications. Electron microscopy studies, by their very nature, probe a relatively small number of configurations and so it is important to attempt to classify the observed structures in terms of an underlying ensemble. For example, TEM studies highlight the presence of four-membered rings [5] (which are also present in the configurations generated in [17] ). It is, however, unclear as to the true statistical probability of finding such units.
In the present work, we utilize geometrical modelling (GM) and molecular dynamics (MD) approaches to generate two-dimensional planar amorphous structures for a key archetypal network-forming material, carbon. Both techniques give similar but not identical answers. We detail the geometrical, topological and structural properties of a-G, and compute both the radial distribution function and the diffraction pattern. We also detail that a range of a-G structures are possible with similar energies which may very well be found to depend on preparation conditions. This paper is organized as follows: first, we detail our simulation procedure for our geometrical modelling (GM) and molecular dynamics (MD) simulations. Next, we present the structural properties, pair distribution function and diffraction data of the configurations generated.
Methodology and details of simulations
The amorphous state is never unique and is highly degenerate, being characterized by a lack of crystallinity while maintaining the local stereochemistry. In this case each carbon atom has roughly three equidistant neighbours, with bond angles not too far from 120 • . There are never any local areas with more than ten or so sixfold rings sharing bonds and hence no Bragg peaks or even vestigial Bragg peaks in the diffraction pattern. We find that the root mean angular distortions θ rms around an atom lie in the range 9 • -15 • , depending on how it was prepared. Values less than about 9 • are not possible without having visually discernible microcrystallites embedded in the network. The energy of the system is calculated through either a Keating [18] and Tersoff-II [19] potential. The Keating potential is
where α = 25.880 eVÅ −2 is the bond stretching force constant (as taken from inelastic x-ray scattering experiments [20] ) and the natural unstrained bond length a = 1.42Å. Here r li is the distance between atoms labelled by l and i:β k is the bond bending force constant with r lk is the distance between atoms l and k. In dimensionless units the angle bending term is chosen to be 1/5th of the bond stretching term. This is close to the value found experimentally [20] where the second neighbour central force is given as 1/6th of the bond stretching term (although note this is from fitted experimental data on graphite). A smaller force constant of about this size is needed in order to create a network with the required deviations in bond angles. The Keating potential is analogous to a Taylor expansion about the minimum of the energy, capturing small displacements.
The second potential used is the Tersoff-II potential [19] ,
with,
(3) Figure 1 . An example of a Stone-Wales defect SW(55-77) [2] , formed by selecting a bond and rotating it 90
• .
The parameters used are as follows: A = 1396.6 eV, B = 346.74 eV, λ = 3.4879, µ = 2.2119Å, β = 1.572 × 10 −7 , n = 0.727 51, c = 38 049, d = 4.3484, h = −0.570 58, R = 1.95Å, and D = 0.15Å. These parameters come from fitting the cohesive energy, lattice constants and bulk modulus of diamond [21] . The Tersoff-II potential can be thought of as an interatomic potential with an implicit three-body term. The parameters in both the Tersoff-II and Keating potentials will need to be tuned to experimental data on a-G when available. Both potentials provide a good starting point for the present study, with the Keating potential being more appropriate for GM models and the Tersoff-II potential for MD models as discussed in some detail later in this paper.
Typically we attempt to create networks that have both no Bragg peaks and a small θ rms to minimize the angular strain in the network. Each glassy network is characterized using the variance of the ring size distribution; the second moment being µ 2 = n 2 − n 2 , where n = 6 is the mean ring size for an ideal two-dimensional network constructed from purely three-coordinated sites using Euler's theorem (which assumes only that each site is exactly three fold coordinated). Topological and geometrical parameters like µ 2 and θ rms encode the preparation history of the network in very much the same way as the fictive temperature in vitreous silica encodes the thermal history [22] . In a-G, the ring statistics are accessible through direct imaging, unlike three-dimensional materials, which opens up the exciting possibility of the first experimental determination of the ring statistics in an amorphous material at the atomic level.
Geometrical modelling
In geometrical modelling (GM) the network is made up of atoms with their nearest neighbours. The approach can be seen as disordering or amorphizing the crystal through local bond transpositions and relaxations, simulating to some extent the process done by electron irradiation. Molecular dynamics (MD) methods can be used for bond transposition [23] but often require very long simulation times for bond breaking and bond reforming events to occur making MD computationally inefficient. The bond transpositions are performed through Stone-Wales defects [24] . Stone-Wales defects have been directly imaged in graphene and are Figure 2 . Sections of a-G generated by (a) introducing topological defects into pristine graphene using GM and (b) quenching from MD-derived configurations. In (a) there are no coordination defects, while in (b) there are a small number of coordination defects. important in forming carbon nanostructures. In this defect scheme, as illustrated by figure 1, a bond is chosen at random.
The two rings associated with the bond will decrease from n to n − 1, while the two rings associated with either side will increase from n to n + 1. This defect preserves the number of atoms, bonds, and the mean ring size is six as required by Euler's theorem. The energy is then calculated using the Keating potential as in equation (1). The system is then locally relaxed; only the constituent atoms of the four rings involved in the Stone-Wales defect are relaxed, making the local relaxation independent of system size. The bond transposition is then either accepted or rejected through a Metropolis acceptance probability [25] 
where E i and E f are the energies of the system before and after the proposed bond transposition, k B is Boltzmann constant and T is the temperature. The system is then relaxed globally at regular intervals to decrease any strain that may exist in the network. Because Stone-Wales defects can be made by choosing any bond in a perfect three-coordinated network, defects can be made on top of defects ad infinitum, although eventually the ring statistics settle down to their asymptotic values. A major advantage of the GM approach is the ability to generate large sample configurations with 50 000 atoms due to the local relaxation procedure (whereas the MD approach generates multiple smaller configurations with 1000 atoms each). In addition there are no coordination defects in GM whereas there are a very small number in the MD produced networks, as would be expected and can be observed in figure 2.
Molecular dynamics
For MD the graphene sheet is modelled using a Tersoff-II potential model [19] given in equation (2) . The model reproduces the basic bulk structural and energetic properties of bulk graphite (and diamond) structures while retaining a relatively simple functional form. Furthermore, the model accounts well for carbon nanotube stability [26] . Two-dimensional liquid configurations are generated by melting a single pristine graphene sheet in which the atoms are confined to the xy plane. Amorphous structures are then generated by annealing the liquid-state configurations (effectively removing the system kinetic energy). Nosé-Hoover thermostats [27, 28] are employed to control the rate of cooling. The thermostats employ a relaxation time, τ , which controls the rate of energy transfer to and from the connected heat bath. By setting a target temperature and varying the relaxation time the overall rate of cooling can be effectively controlled. One hundred configurations are extracted from six distinct temperatures above the estimated melting point, separated by ∼100 ps.
In order to characterize the rate of supercooling in the MD simulations (and hence the related fictive temperature and network characteristics) the system melting point needs to be determined. Determining a given melting point is, in theory, relatively simple in that one must locate (at a given pressure) the temperature at which the liquid and crystal free energies are equal. In practice this is problematic as the system entropy is not a simple function of the atom positions and velocities. An alternative scheme is to utilize the implicit free energy and to directly simulate the liquid/crystal interface, raising and lowering the temperature in order to locate the temperature at which the interface is no longer moving (i.e. the melting point) [29] . In order for this methodology to be effective the system must be relatively fragile, that is, the liquid must show significant diffusion near to the melting point. To establish the system fragility the diffusion coefficients, D, fitted to a Vogel-Fulcher-Tammann (VFT) law, D = D 0 exp[B/(T − T 0 )] where B and T 0 control the function curvature and hence characterize fragility [30, 31] . The curvature (T 0 /B ∼ 0.25) indicates the system to be relatively fragile as required and expected. The melting temperature is estimated as T m ∼ 12 000 K at which temperature the interfacial regions remain stable.
For the GM configurations the coordination number is constrained to be exactly three at each site. For the MD-generated configurations this is not the case. However, the coordination number distributions become much tighter for the amorphous structures compared with the liquid configurations with three-coordinate sites dominating a small percentage (1.0% and 2.8% respectively) of two-and four-coordinate sites.
Even basic MD annealing strategies, in which the kinetic energy is systematically removed, generate configurations dominated by five-, six-and seven-membered rings and in which all three-and four-membered rings are removed. However, a small fraction of both four-and two-coordinate local coordination environments are found to persist as, unlike the three-and four-membered rings, there is lack of suitable low energy pathways to aid their removal during annealing. These local coordination environments, 'frozen-in' by the annealing process, can be removed using the established T1 and T2 mechanisms respectively [8] . In the former the four-coordinate sites are replaced by a pair of three-coordinate sites (adding an atom to the simulation cell) while in the latter the two-coordinate site is removed. The resulting configurations are re-annealed. However, the relaxation procedure itself is still unconstrained with respect to the local coordination environments and, as a result, either four-or two-coordinate sites are nor prevented from reforming. As a result, these procedures do not totally eliminate these local environments but greatly reduce the fraction of such sites to an effective 'equilibrium' with percentages of two-and four-coordinate sites of 0.6% and 0.3% respectively. Figure 2 shows typical patches of a-G generated by both the GM and MD approaches. At first glance they are very similar, but closer analysis does show some differences, associated with ring statistics, coordination defects and strain distribution. These are analysed in section 3.
Network analysis
Good metrics for characterizing and comparing the two-dimensional networks (produced by both approaches) are µ 2 and θ rms . In the present work four configurations are generated (using the GM approach) corresponding to µ 2 = 0.43, 0.49, 0.56 and 0.67 respectively.
Pair distribution functions are generated in the standard manner by constructing a histogram of pair separations averaged over annealed configurations. The structure factors are generated directly from the atom positions using Figure 3 shows the distribution of µ 2 obtained from the MD quenches with the four values corresponding to the GM configurations also highlighted and the parameters are given explicitly for the samples used here in table 1. Figure 4 shows the pair distribution functions generated from the MD energy minimizations compared with the four configurations obtained by bond switching in GM. The functions show broadly similar features consistent with a modified graphene structure dominated by six-membered rings. Figure 5 shows the corresponding structure factors. Again, the functions appear broadly similar. Both figures 4 and 5 show, however, that the configurations obtained by bond switching display subtle differences which may be attributed to the different ring statistics and characterized by µ 2 . To make contact with these results pair distribution functions are constructed by colouring the MD-generated configurations according to µ 2 . Note that n will differ (very slightly) from six owing to the small number of coordination number defects in the MD samples. Subtle differences are noticeable in the MD configurations as a function of µ 2 . For example, the peak at r ∼ 2.84Å (corresponding to twice the nearest-neighbour carbon-carbon bond length and hence dominated by spatial correlations across six-membered rings) weakens as µ 2 increases simply as a result in the reduction in the fraction of six-membered rings. In addition, the extended-range order (characterized by the long-range oscillations in g(r)) decreases as µ 2 increases corresponding to a loss of order associated with a broader range of five-, six-and seven-membered rings. Differences are also noticeable between the coloured MD-derived functions and those generated by bond switching. In particular, the first peak is broader and less intense for the MD configurations whilst the peak at r ∼ 2.84Å is weaker in the bond switching configurations as a result of the different balance between the nearest-neighbour separation and angular constraints in the Keating potential compared with the Tersoff-II potential. This difference can also be observed by comparing the peaks in g(r) with those present for a pristine graphene sheet. For example, the peak at r ∼ 2.84Å correlates with the ideal next-next-nearest-neighbour graphene length scale. Analogous comments apply to the structure factors ( figure 5 ). For example, the shoulder at k ∼ 7.5Å −1 corresponds to a Bragg feature. The intensity of this feature decreases as µ 2 increases and is less intense in the GM-derived configurations and so is linked to disorder resulting from the angular constraints. In addition, the GM functions show stronger long-range oscillations which correspond to the sharper first peak in g(r) (figure 4).
Results

Keating compared to Tersoff potential
In the Keating potential described by in equation (1), there is an explicit bond stretching term for which the force constant is five times as strong as for the bond bending term. This creates a narrow distribution of bond lengths (<1%) and a Gaussian distribution of bond angles. In the Tersoff-II potential described by equation (2), there is an interatomic pair potential with an implicit bond bending term. Networks relaxed with a Tersoff-II potential have a wider distribution in bond lengths and a narrower distribution in bond angles. It is necessary to use a potential of the Tersoff-II kind in MD simulations as the nearest neighbours of an atom are defined by distance criteria and of course change throughout the MD simulation. In the GM approach, the nearest-neighbour table is changed after each accepted Stone-Wales move, and this defines the nearest neighbours. The Keating potential explicitly involves simple sums over pairs and triplets of nearest-neighbour atoms and has been used extensively in generating three-dimensional networks. For example, starting with silicon in the diamond structure, and forming Weaire-Winer-Wooten defects [32] , results in amorphous silicon. The GM approach used here is patterned after this approach [33] and may be thought of as the two-dimensional equivalent. In amorphous silicon, the Keating model has proved successful because it produces a narrow first neighbour peak and the correct width for the second neighbour peak utilizing an angular force constant of about 1/5th the bond bending equivalent. This has guided our thinking here, but ultimately experimental evidence will be needed to fine tune the potential to produce the most realistic structure(s). In order to understand the differences between the Keating and Tersoff-II potentials in our geometrical modelling, we first relaxed our network with a Keating potential and then a Tersoff-II potential, as highlighted by the energies quoted in table 2. The energies are displayed with respect to that of an ideal graphene sheet. First the network is relaxed globally with a Keating potential and the energies of the configurations are determined using both the Keating and Tersoff-II potentials. The networks are then globally relaxed with a Tersoff-II potential and their energies determined using both potentials. The second relaxation results in concomitant increases in the Keating energy and a decrease in the Tersoff-II energy which can be ascribed to the increase in width of the bond length distribution and an associated narrowing of the bond angle distribution. The energies quoted in table 2 provide evidence indicating that the Keating potential indeed favours a relatively small bond length distribution with a wide angle distribution and the Tersoff-II potential favours a wider bond length distribution with a smaller bond angle distribution. These effects are clearly visible in the structure factors shown in figure 6 in which there is a loss of structure at high k in the functions generated using a Tersoff-II potential compared to those generated with the Keating potential.
Conclusions
We have generated configurations for an archetypal planar two-dimensional (Zachariasen) glass, amorphous graphene, using two contrasting methodologies. These structures have been made so that coordination defects are minimal or zero, with small bond angle and bond length distortions. The structures produced have broad similarities which are independent of both the specific potential model and the method of construction. This is because both restrict Figure 6 . Structure factors calculated using configurations obtained by energy minimization using the Keating (dashed lines) and Tersoff-II (solid lines) potentials from GM. The Keating potential favours a relatively small bond length distribution with a wide angle distribution; whereas, the Tersoff-II potential favours a wide bond length distribution with a small bond angle distribution, as can be seen in the loss of structure at high k in the structures relaxed with Tersoff-II compared to Keating. Each function is offset along the ordinate axis for clarity. bond length and bond angle distortions via similar penalty functions.
The structures do, however, have small but distinct differences which require classification by an appropriate metric, for example the second moment of the ring size distribution, µ 2 . This provides a sound basis for categorizing the range of amorphous graphene structures which may be observed directly by experiment. Careful experimental imaging and diffraction studied are needed to determine the structural details of amorphous graphene under various preparation conditions. It should be possible to synthesize amorphous graphene, which our modelling shows is expected to have almost the same areal density as crystalline graphene, by low energy electron beam 'damage' [5, 6, 12] to form single freestanding samples that will not pucker or ripple, as they are held under tension by the crystalline graphene surround. Note that, whilst a single layer of crystalline graphene is stable against puckering, amorphous graphene can gain energy by puckering if it is not prevented from doing so [7] . Upon the 80th anniversary of Zachariasen's seminal paper, it is fitting that graphene opens up a unique window onto amorphous structures as direct imaging of the atoms will be possible on an amorphous system for the first time.
